Abstract. Elastic and inelastic electron scattering from H, Na and K at 54.42 eV and Li at 60 eV are calculated using the coupled-channels optical theory. The closed shells of the alkali atoms are treated as inert except for direct and exchange electron scattering. Excellent agreement with experimental data is achieved for hydrogen, indicating that the one-electron (three-body) scattering calculation is essentially correct. Correct total cross sections are achieved for the alkalis but large-angle scattering is seriously overestimated, indicating that the one-electron structure model is inadequate. The effect of configuration interaction, including core-valence correlations, is calculated for generalised oscillator strengths. It is responsible for corrections of the right order of magnitude.
Introduction
The coupled-channels optical (cco) theory for electron scattering from hydrogen has been described in detail (McCarthy and Stelbovics 1983a) . It has been successful in describing scattering to the n = 1 and 2 states (McCarthy and Stelbovics 1983b) .
As the first extension of the calculation to larger atoms we apply it to lithium, sodium and potassium. Only direct and exchange elastic scattering are included from the core, which is treated as inert. The theory is therefore the same as for hydrogen except for modifications to the one-electron potential matrix elements due to the core. The extensions are given in § 2.
Results of the scattering calculations are given in § 3. They show that the oneelectron model for the alkalis is inadequate for large-angle scattering. We therefore investigate in § 4 the on-shell potential matrix elements for configuration interaction descriptions of the alkalis in terms of generalised oscillator strengths.
Coupled-channels optical theory for an inert core
Reaction channels are defined by target states Q, and total spin S. The target states satisfy the Schrodinger equation For simplicity of notation we regard @ as a discrete notation for the continuum where appropriate, using the usual analysis with box normalisation.
For an uncharged N-electron target we partition the total Hamiltonian for the scattering problem in terms of a chosen electron i.
If' where x stands for the set xo, . . . , xN of space-spin x, represents the set x with the coordinate x, omitted.
for the coordinate x,.
coordinates ri, ui. The notation Ki is the kinetic energy operator
We make an antisymmetric multichannel expansion for the total scattering in terms of products of target states CP and distorted waves U : ) , where wavefunction (x, 1 U : ) ) = (WTMTI S W ( c c I CLXr, I f ! +) ) .
(3)
We suppress the total spin quantum numbers S, M in the notation. The spin quantum numbers of the target state @ are ST, MT and the spin projection of the projectile state is p. The Clebsch-Gordan coefficient in (3) ensures spin conservation. Spin-orbit coupling is neglected.
The expansion yields a set of coupled differential equations characterised by the (suppressed) index S The energy of the projectile in channel @' is E*.. The coordinate-space representation of the direct potential is The exchange potential is where the integration is over all coordinates except xo and xl. We have used the antisymmetry of 0' to eliminate the coordinates for i # 0, 1 from ( 5 ) and (6).
We abbreviate (4) by using a matrix notation in channel space
We now rewrite ( 7 ) in the form of a finite set of coupled equations for a discrete set of channels projected by an operator P. The complementary projection operator Q projects all the target continuum states a(*) from the total set of target states that characterise channel space. It also projects out discrete states not in P space.
The optical potential operator is V'Q' (McCarthy and Stelbovics 1980) .
In the present calculation we solve the P-space equations (8) in the form of a set of coupled integral equations.
,.
We approximate the many-body target ground state by the Hartree-Fock determinant. Excited states @ have the same closed-shell core as the ground state and the active electron orbital a is given by a frozen-core Hartree-Fock calculation. The channel is thus characterised by a.
The optical potential for discrete states is approximated by the equivalent local second-order potential with exchange (McCarthy and Stelbovics 1983a). For continuum excitations we use the potential consisting of a first-order and a polarisation term
Here k, is the channel momentum for @' and the equivalent local potential is obtained by averaging over the angular coordinate
The ionisation amplitude is calculated with antisymmetrisation in terms of the direct and exchange amplitudes where U is the electron-electron potential, +(-I is a Coulomb scattering function for charge 1 with time-reversed boundary conditions, q, and q< are the greater and lesser respectively of q1 and q2. We now write the momentum space representation of the direct and exchange potentials (5) and (6) in terms of the orbitals a, and b, constituting Q and @' respectively
The spin overlaps simply prohibit spin flip. The spin projections pa, pb, p, p' are those of a, and b, and the external electrons with momenta k and k'.
The operator E -H in the exchange potential (6) can be understood as operating on ( Q I X O ) (@1xO)(E -H ( x ) ) = (@lxo) E,-KO+ Nr;' -1 r;:).
i # O
We now operate on the electron 0 in each term of the determinant (x,l@') with the
Hartree operator
For the term of the determinant containing the orbital b,(x,,) this gives the orbital energy &b. The exchange potential matrix element is
For core exchange, p = pa for only half of the electrons so that there is a factor -$ relative to core direct terms. Valence exchange for alkali atoms has the same spin dependence as for hydrogen (McCarthy and Stelbovics 1983a) .
Cross section calculations for the one-electron approximation
Differential cross sections at 54.42 eV for hydrogen, sodium and potassium and at 60 eV for lithium are compared with experimental data in figures 1-4.
For hydrogen the explicitly-coupled P-space channels are Is, 2s and 2p. The following channels are used to represent Q space in different coupling potentials. Continuum, 3p and 4p for Is-1s; continuum and 3p for 1s-2s; continuum, 3p and 3d for 1s-2p; continuum, 3p and 4p for 2s-2s; continuum, 3s and 3p for 2p-2p. Differential cross sections for Is, 2s and 2p are calculated correctly within the experimental error, except for the elastic channel where the shape i s correct but there is an absolute discrepancy of about 20% which is noL accounted for by the slight difference between 50 and 54.42 eV scattering. Since absolute measurements on hydrogen are difficult the experiments must be regarded as tentative.
For sodium the P-space channels are 3s, 3p, 3d and 4s. Two calculations have been done, one without polarisation potentials and one with the continuum polarisation 54.42 eV electron scattering by sodium. Experimental data are due to . The curves are the present theory.
potential included in 3s-3s, 3s-3p and 3p-3p coupling potentials. Core polarisation has not been included in these potentials. For both calculations backward cross sections for 3s and 3p are several times too large although maxima and minima are in the correct angular positions. Since the valence polarisation potentials do not account for discrepancies at backward angles we have not included them in the calculations for lithium and potassium. For lithium the P-space channels are 2s, 2p, 3s and 3p. For potassium the P-space channels are 4s, 4p, 5s and 5p. In both cases scattering to the ground and first-excited states at large angles (greater than about 20") is overestimated by the approximation.
For all targets the model calculates forward scattering cross sections reasonably accurately. Since total cross sections are dominated by forward scattering they have been compared with experiment in table 1. Of the experiments quoted in the table only those experiments denoted by footnotes d, g and j are absolute measurements. All the others involve extrapolation of the dipole cross section to 0" using the generalised oscillator strength formalism and normalisation by the optical oscillator strength or the previously mentioned absolute cross sections. For both sodium and potassium the calculated total cross section is slightly higher than the absolute measurement. This corresponds with the Hartree-Fock calculation of the optical oscillator strength (see § 4).
Configuration interaction effects
The previous section has demonstrated that using the cco model with (target) HartreeFock wavefunctions is inadequate for the alkalis. The success of the model for hydrogen suggests that the reaction theory is adequate and it is the assumption that the HartreeFock model is an accurate description of atomic structure that could be improved. In the case of sodium it was shown that Q-space effects for the valence electrons made little difference. Since the cco theory involves nothing but on-and off-shell potential matrix elements the possible effects of improving the Hartree-Fock model by using configuration interaction (CI) wavefunctions can be tested by computing the generalised oscillator Williams (1979 , 50 eV. Williams (1981 , interpolation in angular distribution for 2s. de Heer et al (1977) , 50 eV. Leep and Gallagher (1974) , interpolation. e Srivastava and VuSkoviC (1980) . . Enemark and Gallagher (1972) , interpolation. VuSkovi6 and , interpolation. i Buckman et al (1979) , reanalysed.
' Chen and Gallagher (1978) , interpolation. strength (GOS) since this is just the first Born matrix element expressed as a function of momentum transfer. The single-particle orbitals used for the CI calculation are as follows Li: ls,2s,2p, 3s, 3 p , S l , p l , d l , d2 Na: Is, 2s, 2p, 3s, 3p, 4s,4p, S1, p l , dl, d2 K: Is, 2s, 2p, 3s, 3p, 4s,4p, 5s, 5p, S1, p l , d1, d2.
In each case the virtual space (orbitals unoccupied in the Hartree-Fock ground state) includes pseudostates (those orbitals with a bar) which are chosen on energy criteria. We have done two types of CI calculations. For the core polarisation CI (CPCI) all excitations involving the valence electron and at most one electron from the closed shells into the virtual space were allowed. It was found that it was only necessary to allow excitations from the major shell adjacent to the valence electron. for the full CI (FCI) all allowed single and double excitations of the valence electrons and the electron of the immediate underlying shell from a multi-determinant reference set (e.g. 3s, 3p, 4s, 4p in the case of sodium) into the virtual space were permitted. Comparisons of the COS calculated with HF and CI wavefunctions are shown in figure 5 . In all cases there are quite large differences between the HF and CI results beyond the first minima which are of the right order of magnitude to account for the discrepancies between the theoretical and experimental large-angle differential cross sections. No more can be said until a cco calculation with C I channel functions has been done.
One other aspect where CI effects show up is in the computed total cross section. For dipole transitions it is known that the cross section is dominated by the small-angle scattering which can be described in terms of a GOS formalism with a reasonable level of accuracy. As a consequence we expect the total cross section to scale like the GOS at zero momentum transfer which is, of course, the optical oscillator strength ( 0 0 s ) . Table 2 compares experimental values (Ellis and Goscinski 1974 ; these are actually a synthesis of experimental and accurate theoretical values) of the 0 0 s with those determined from Hartree-Fock ( HFL, HFV) and configuration interaction (CIL, CIV) values, where I. and v denote the dipole length and dipole velocity formalism for the transition operator respectively. It is noticed that the HFL values of the 0 0 s for Na and K are somewhat larger than the recommended experimental values. Since the cco model corresponds to the length formalism it would be expected that the calculated cross sections would be larger than the experimental results. This is indeed the case as can be seen from table 1. One pleasing feature of the 0 0 s calculations in all cases is that the CI calculations give results closer to experimental curves and the CIL and CIV values are closer together than their H F equivalents although it is clear that there is still room for improvement. Table 2 . Optical oscillator strengths for the resonance transitions of the alkalis calculated using length and velocity (L, v) formalisms from Hartree-Fock (HF) and configuration interaction ( C I ) wavefunctions, using experimental energy differences. Experimental data are from Ellis and Goscinsky (1974) . The CI oscillator strengths use the FCI wavefunctions for Li and K and the CPCI wavefunctions for Na. 
Conclusions
The cco calculation for scattering in the three-body approximation with core exchange is inadequate to describe the magnitude of backward scattering for the alkalis, although the angular positions of the maxima and minima are correct. The three-body model works well for hydrogen. It is expected to be a better approximation for lithium, where the helium core is relatively inert, than for other alkalis and this is reflected in the differential cross sections. There is evidence from consideration of generalised oscillator strengths that the inclusion of configuration interaction in the channel-coupling matrix elements has an effect of the right order of magnitude to account for the experimental differential cross section at large angles.
Structure wavefunctions are at present tested experimentally by optical oscillator strengths. They do not distinguish sensitively between HF and CI wavefunctions. Total scattering cross sections are also close to the experimental values (although slightly larger) with H F wavefunctions. However it appears likely that large-angle differential cross sections will provide a very sensitive test of structure calculations as soon as an adequate reaction calculation is available.
